Insulin was incubated with rat liver homogenate in the presence of glutathione. The products formed were examined by chromatography on a Sephadex G-75 column, with 50% acetic acid as eluent. The results show that insulin is degraded by rat liver homogenates in sequential order: first, a splitting of insulin into A and B chains by glutathione-insulin transhydrogenase, followed by proteolysis of the resulting polypeptides to small molecular weight components.
Insulin is rapidly inactivated in vivo (1) (2) (3) and in vitro (4) (5) (6) . Inactivation of insulin could take place by cleavage of insulin with glutathione(GSH)-insulin transhydrogenase (insulin transhydrogenase) (7) (8) (9) (10) (11) , and/or by proteolysis with wellknown proteolytic enzymes (trypsin, chymotrypsin, exopeptidase) or with insulin-specific proteolytic enzymes. A and B chains of insulin are degraded by proteolytic enzymes more rapidly than is native insulin (12) . It is conceivable that the inactivation of insulin takes place in a step-wise manner; the first step might be the cleavage of insulin by the transhydrogenase, followed by hydrolysis of the resulting A and B chains. This would suggest a key role for insulin transhydrogenase in the disposal (i.e., metabolism) of insulin. However, no direct experimental evidence supports these ideas.
The experiments reported in this paper indicate that insulin is degraded in a step-wise manner.
MATERIALS AND METHODS
GSH-insulin transhydrogenase was prepared from rat liver in a highly purified state according to the method of Tomizawa and Halsey (13) ; the same procedure has been used for the isolation of purified transhydrogenases from beef liver (13) , beef pancreas (10) , human liver (9) , and human kidney (11) . Antiserum to the purified rat liver enzyme was produced in rabbits by a procedure used previously to produce antibodies to beef pancreatic and human liver transhydrogenases (14) . In an Ouchterlony double-diffusion test with antibody, the rat enzyme showed a single precipitin band. The (16, 18) . Before use, 125I-labeled insulin was purified on a Sephadex G-50 column; more than 90% of the radioactive insulin was bound by excess anti-insulin antibody.
Preparation of Homogenates. Holtzman male rats, weighing about 200-250 g, were used. After an overnight fast of [16] [17] [18] Abbreviation: GSH, glutathione.
hr, rats were decapitated with a miniature guillotine (Harvard Apparatus Co.) and as much blood as possible was drained from the carcass. The livers were removed, rinsed with cold tap water, and placed in ice-cold beakers. A 1-g piece of liver was mixed with 4 ml of 0.25 M sucrose-5 mM EDTA (pH 7.5), and another 1-g piece was mixed with Krebs-Ringer bicarbonate buffer. The pieces were then homogenized for 40 sec with a Polytron PT-20/2 homogenizer at "position 10" of the rheostat, which was arbitrarily divided into 30 equal parts from the off position to fully on. During homogenization, the homogenization tube was kept cold. The homogenates were used without any further treatment; this procedure was chosen to minimize the role of diffusion processes (3) , and at the same time retain the activity of all the liver proteins.
Immunologic Procedures. These were done as described (14) . In a series of tubes, different volumes of homogenate were mixed with 0.05 ml of antiserum to insulin transhydrogenase from rat liver. The final volume in each tube was 0.5 ml. In the control tubes, antiserum was omitted or substituted with normal serum. The tubes were incubated for 5 min at 370, 1 hr at 250, and 17 hr at 50. The antigen-antibody precipitates were removed by centrifugation at 3000 rpm (1900 X g). Aliquots of supernatant fluid were then assayed for insulin-degrading activity.
Incubation Procedure. Amorphous insulin (0.1 mg) containing a tracer amount of l25I-labeled insulin and 2 utmol of GSH, in a total volume of 2 ml of either 0.1 M KH2PO4-5 mM EDTA buffer or Krebs medium, was incubated at 370 with the homogenates prepared in sucrose-EDTA and Krebs buffers, respectively. Incubations were terminated by the addition of 0.8 ml of N-ethylmaleimide solution (3 mg/ml).
Chromatographic Procedure. The products of incubation were examined by chromatography on a 2 X 45 cm column of Sephadex G-75 (15 FIG. 1 . Titration curve of a constant amount of antiserum to rat liver insulin transhydrogenase with liver homogenate. The indicated volumes of homogenates and 0.05 ml of antiserum, in a total volume of 0.5 ml, were incubated; then, antigen-antibody precipitates were removed by centrifugation and the insulindegrading activity in the supernatant fluid was determined.
radioactive assay (10) . Sulfitolysis of the disulfide bonds of proteins was with sulfite and tetrathionate in 8 M urea (15) .
Amino-Terminal Analyses were by dansyl technique (20) .
RESULTS

Immunological studies
In Fig. 1 is presented the results of a typical titration curve of a constant amount of antibody with different volumes of liver homogenate. Before the equivalence point-i.e., the point at which enzyme activity first appears in the supernatant fluid-no insulin-degrading activity was found in the 0 crude homogenate. Even when the incubation period was increased from the usual 5 min to 180 min, the homogenates from which insulin transhydrogenase had been specifically removed by antibody were unable to degrade insulin.
These data indicated that either the transhydrogenase is the only insulin-degrading activity present in the liver, or that the cleavage of insulin by this enzyme might be the first event in the disposal of insulin, so that removal of insulin transhydrogenase completely stops the degradation of insulin. Since our preparation of the transhydrogenase showed only a single peak on Sephadex G-100 chromatography, and it also showed only a single precipitin band of identity with purified insulin transhydrogenase and with liver homogenates in the Ouchterlony double-diffusion test, contamination with other activities and antibodies seemed unlikely. Since there have been several reports of the breakdown of insulin to oligopeptides and amino acids, the first possibility is not tenable. Therefore, further experiments were undertaken to test the second possibility, as described below.
Chromatographic studies When insulin containing a tracer amount of 125I-labeled insulin was incubated in 1 mM GSH with 6 mg of liver protein (about 30 mg wet weight of tissue) for various times and chromatographed on Sephadex G-75, the profiles of radioactivity shown in Fig. 2 were obtained. The amounts of radioactivity in the various peaks are presented in Fig. 3 .
As the radioactivity in the insulin peak (designated as peak II) disappeared, two major radioactive peaks, eluted at the position of standard A chain (peak III) and at the void volume of the column (peak I), formed in nearly the theoretical ratio of A and B chains. This conversion took place at the same rate (half-time, 2 min) in both buffers tested (Figs. 3 and 5 ). Fig. 3 . In one panel on the right, the pattern of absorbance at 280 nm (-X--.-) is shown; since it was the same for all time periods, it is shown for only one time period. The absorbance at 280 nm is essentially that of liver protein and of urea. In the top left panel is also shown the radioactivity pattern of insulin containing a tracer amount of '25I-labeled insulin before (~) )and after it had been subjected to sulfitolysis (----); 92% of the radioactivity of insulin was in A chain and 8% in B chain.
After an incubation of 20 min, during which period the insulinf (peak II) had almost completely disappeared, the peak (III) at the A-chain position began to decrease, and the peak (IV) of small molecular weight components began to increase. However, the rate of disappearance of the radioactivity at the A-chain position was three-times faster in Krebs buffer (half-time, 80 min) than in the EDTA buffer (half-time, 240 min) (Fig. 4) .
In EDTA buffer, peak I increased rapidly in the first 20 min and, thereafter, continued to increase slowly throughout the entire period of incubation. In Krebs buffer, the activity in the void volume also reached a maximum in 20 min, but thereafter remained about the same (Fig. 3) .
The linear relationship of the logarithm of the fraction of A-chain with time indicates (Fig. 4) that the A chain is degraded by a first-order reaction in both buffers.
A plot of the reciprocal of the fraction of insulin remaining in the incubation mixture as a function of time (Fig. 5) shows a linear relationship, indicating that the disappearance of insulin follows second-order kinetics. Izzo N-terminal group of A chain, and the absence of dansylphenylalanine, which is derived from the N-terminal amino acid of B chain.
Some Comments on the Nature of Peak I. In the methodology used, insulin and B-chain peaks are not cleanly resolved; since the preparation of lnI-labeled insulin used contained only 8% of its total radioactivity in the B chain, it was not possible to determine whether any B chain was present in the insulin peak. However, the amounts of radioactivity in peaks III and I were initially in about the same ratio as those of A and B chains in insulin; this result suggested that peak I might be the B chain, possibly complexed with a protein. The possibility that peak I might be caused by artifactual radiation damage to insulin was discarded, since this peak was not observed in the 3-hr incubations of '25I-labeled insulin with buffer or with N-ethylmaleimide-treated liver protein.
Experiments were performed with lyophilized material from peak I from 5-and 20-min incubations in EDTA buffer. The material dissolved readily in 50% acetic acid, but was insoluble in neutral solution. Only 70% of the radioactivity dissolved in 0.2 M phosphate-8 1\I urea, pH 7.5 buffer; the insoluble material was removed by centrifugation. The soluble radioactivity was then subjected to sulfitolysis, mixed with nonradioactive A and B chains, and chromatographed on Sephadex G-75. About 10% of the applied radio- activity was eluted at the same position as peak I; the remaining 90% was eluted together with standard A and B chains. Calculations from the radioactivity showed that on a molar basis the amount of B chain was 3.5-and 2.5-times greater than the amount of A chain in the 5-and 20-min incubations, respectively. Thus, it appears that the material in peak I initially represents B chain, and that B chain then forms aggregates with A chain by the formation of intermolecular disulfide bonds. The continual slow increase of radioactivity in peak I in the EDTA buffer (Fig. 3) possibly occurs because in this buffer the A chain-degrading system was partially inhibited, and more of the A chain remained available to form more of the aggregate. We have reported (23) bicarbonate-phosphate and contained no EDTA; as shown in the present studies, such conditions favor hydrolysis of A chain. Putting all these points of differences together, it appears that under the experimental conditions used by Izzo et al., the reaction rates of cleavage of insulin to A and B chains must be slow as compared with hydrolysis of A chain, so that as soon as the intermediate product A chain was formed, it was metabolized to its constituent amino acids.
The discussion in the preceding paragraph illustrates the importance of the concentrations of insulin, GSH, and protein, and the type of medium used for insulin degradation studies, and affords possible reasons for different results obtained by different workers. The studies of Izzo were selected for comment because they are the most recent, and attempted to answer the same specific question that we have.
It should be emphasized that the conditions we have used are artificial, but they were necessary to demonstrate the two-step process; the experimental conditions of Izzo probably represent more nearly the in vivo situation, where insulin transhydrogenase is possibly the rate-limiting activity. Likewise, B-chain aggregates may have formed because of the use of high concentrations of insulin. In the normal situation, the concentration of insulin is 0.1% of that used in the present investigations. However, in diabetes, where doses of 1-3 mg of insulin per day are administered, the possibility of formation of B-chain aggregates exists. 
